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ABSTRACT
We present and analyze the optical/UV and X-ray observations of a nearby tidal disruption event (TDE)
candidate AT2019azh, spanning from 30 d before to ∼ 250 d after its early optical peak. The X-rays show
a late brightening by a factor of ∼ 30-100 around 250 days after discovery, while the UV/opticals continu-
ously decayed. The early X-rays show two flaring episodes of variation, temporally uncorrelated with the early
UV/opticals. We found a clear sign of X-ray hardness evolution, i.e., the source is harder at early times, and
becomes softer as it brightens later. The drastically different temporal behaviors in X-rays and UV/opticals
suggest that the two bands are physically distinct emission components, and probably arise from different loca-
tions. These properties argue against the reprocessing of X-rays by any outflow as the origin of the UV/optical
peak. The full data are best explained by a two-process scenario, in which the UV/optical peak is produced by
the debris stream-stream collisions during the circularization phase; some low angular momentum, shocked gas
forms an early, low-mass accretion disk which emits the early X-rays. The major body of the disk is formed af-
ter the circularization finishes, whose enhanced accretion rate produces the late X-ray brightening. AT2019azh
is a strong case of TDE whose emission signatures of stream-stream collision and delayed accretion are both
identified.
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1. INTRODUCTION
In a tidal disruption event (TDE), a star wanders toward the
center of a galactic nucleus and is tidally disrupted by a su-
permassive black hole (SMBH). A bright, multi-wavelength
flare is produced when the stellar debris falls back and ac-
cretes toward the black hole. Observing such incidents is an
important way to probe the otherwise dormant SMBHs in the
center of many non-active galaxies and to study the feeding
process of SMBHs.
An unsettled issue still remains regarding the phys-
ical origin of the observed emission (i.e., where the
emission is produced). Initially it was expected that
the emission is produced in the accretion disk, which
should peak in soft X-rays (Rees 1988). However, most
of the observed TDEs are X-ray weak1, only a small
fraction of TDE sample have been detected with X-ray
∗ Corresponding author: R.-F. Shen (shenrf3@mail.sysu.edu.cn)
1 Note that a separate class of TDEs are non-thermal X-ray dominated, and
they are thought to originate from a relativistic jet and require special orien-
tation in order to be seen (Giannios & Metzger 2011; Burrows et al. 2011;
Bloom et al. 2011; Levan et al. 2011; Zauderer et al. 2011; Cenko et al.
2012; Brown et al. 2015).
emission in follow-up observations: GALEX D1-9 and
D3-13 (Gezari et al. 2008), ASASSN-14li (Holoien et al.
2016b), AT2018fyk (Wevers et al. 2019) and ASASSN-15oi
(Holoien et al. 2016a), with upper limits in a few cases: PS1-
10jh (Gezari et al. 2012), iPTF16fnl (Blagorodnova et al.
2017; Brown et al. 2018), and iPTF16axa (Hung et al. 2017),
while the majority were discovered in optical or UV (e.g.,
Gezari et al. 2012; Chornock et al. 2014; Holoien et al. 2014;
van Velzen & Farrar 2014; Arcavi et al. 2014).
Two categories of models are proposed to explain the opti-
cal emissions. One involves ejected mass which reprocesses
the high energy emission from the center to lower energies
(Ulmer et al. 1997; Strubbe & Quataert 2009). The other fo-
cuses on the stream-stream interaction at the apocenter as the
major energy dissipation site (Piran et al. 2015; Jiang et al.
2016). Recently Dai et al. (2018) explain the X-ray/optical
dichotomy by considering the inclination effect and the an-
gular distribution of the mass outflow’s property such as den-
sity, speed and temperature.
Some TDEs have been discovered to have surprisingly
low blackbody temperatures of 1 ∼ 3 ×104 K through
wide-field UV and optical surveys (Gezari et al. 2009, 2012;
van Velzen et al. 2011; Arcavi et al. 2014; Holoien et al.
22014, 2016a,b; Blagorodnova et al. 2017; Hung et al. 2017),
which can not be explained through radiation from tra-
ditional accretion process. These are attributed to larger
radii associated with a reprocessing layer (Loeb & Ulmer
1997; Guillochon et al. 2014; Roth et al. 2016), which
form from a radiatively driven wind (Miller et al. 2015;
Strubbe & Murray 2015; Metzger & Stone 2016) or the ra-
diation from stream-stream collisions during the circular-
ization to form the disk (Lodato 2012; Piran et al. 2015;
Shiokawa et al. 2015; Jiang et al. 2016; Krolik et al. 2016;
Bonnerot et al. 2017; Wevers et al. 2017). On the other hand,
one should expect the X-rays to show up eventually, once the
wind subsides or the circularization finishes.
In this paper, we analyse the observations of a recent,
nearby TDE candidate AT2019azh which shows a long (by
∼ 200 days) delayed X-ray brightening with respect to its
UV/optical peak, a pattern similar to that seen in the past
TDE candidate ASASSN-15oi (Gezari et al. 2017). In §2
we describes the observations and data reduction in optical,
UV and X-ray bands. Then we analyze its multi-wavelength
light curves in §3, present the spectral energy distribution
(SED) fit and show the source’s bolometric behavior (evo-
lution of temperature and photospheric radius) in §4. We dis-
cuss three physical scenarios in TDEs in order to explain its
multi-waveband behavior in §5. We summarize the results
and conclude in §6.
2. OBSERVATIONS
2.1. Optical discovery
The bright nuclear transient AT2019azh was discovered
by All Sky Automated Survey for SuperNovae (ASSA-
SN) on UT 2019 Feb 22.02 (Brimacombe et al. 2019) and
by Zwicky Transient Facility (ZTF) on 2019 Feb 12.40
(Van Velzen et al. 2019) in the center of an E+A galaxy at
z = 0.022 (luminosity distance D = 96 Mpc). Follow-up
spectroscopic observations by NUTS (Heikkila et al. 2019)
and ePESSTO (Barbarino et al. 2019) show a featureless blue
spectrum.
Van Velzen et al. (2019) reported the ZTF and Swift UVOT
photometry which show a ∼15-day long slowly-rising or
plateau phase starting from 2 days after the ASSA-SN trig-
ger. However, later monitoring showed that the flux contin-
ued to rise until it peaked at g = 14.4, about 31 days after the
trigger (see Figures 1). The ZTF and host-subtracted UVOT
photometry indicates a temperature of log(T ) = 4.5 ± 0.1,
and the ZTF photometry confirms that the transient is consis-
tent with originating from the center of its host galaxy, with
a mean offset of 0.07± 0.31 arcsec (Van Velzen et al. 2019).
Swift XRT observations on 2019 Mar 11.45 detected 5 soft
photons corresponding to a luminosity of LX = 2.5 × 10
41
erg s−1 (Van Velzen et al. 2019).
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Figure 1. Observed light curves of AT2019azh in optical, Swift UV
and X-ray bands. The host contribution has already been subtracted
in the optical and UV bands (top). The bottom panel shows the
XRT 0.3-2 keV count rate light curve. The two data points with
downward arrows are upper limits.
Based on its unclear position, persistent blue color, high
blackbody temperature and lack of spectroscopic features as-
sociated with a supernova or AGN, Van Velzen et al. (2019)
identified AT2019azh as a TDE, which we will follow here-
after.
We collect the public available ASSA-SN2 g and V band,
the ZTF3 g and r band, Swift UVOT, Gaia G band photom-
etry data. We plot the host-subtracted source light curves in
Figure 1.
2.2. Swift UV and X-rays
AT2019azh has been observed for 36 times with the Swift
Observatory since March 2, 2019 (update to November 11,
2019). We download and reduce the Swift Observations
with the software HEASoft V.6.26 and the latest updated
calibration files of Swift. The UVOT Telescope observed
the source with multi-wavelength filters (V, B, U, UVM2,
UVW1, UVW2). We extract the source photometry from the
source region of radius of 3”, and the background from a
source-free region with radius of 20” near the source posi-
tion , using the task of ‘uvotsource’. The UVOT photometry
results are presented in Figure 1.
2 https://asas-sn.osu.edu/light curves/07988c67-2399-46f1-a9dc-3608c7e8141c
3 https://lasair.roe.ac.uk/object/ZTF17aaazdba/
3Figure 2. Stacking Swift XRT images in the 2-10 keV (upper panels) and 0.3-2 keV (lower panels) bands.
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Figure 3. The evolution of X-ray hardness of AT2019azh. Asterisks
and crosses are the stacking count rates in 0.3-2 keV and 2-10 keV,
respectively. The hardness ratio is defined as the count rate ratio
between the two bands: HR = (2-10 keV) / (0.3-2 keV).
For XRT, we reprocess the event files with the task ‘xrt-
pipeline’, and select the event files which operated in Photon
Counting mode. The source is detected in almost all observa-
tions, with a count rate in the range of 0.001 - 0.1 cts s−1 in
0.3 - 2 keV. The source file is extracted using a source region
of radius of 30”. The background is estimated in an annulus
region centered on the source position, with an inner radius
of 60” and outer radius of 90”. Due to the low counts, we
only extract the 0.3-2 kV band count rate for single observa-
tions. They are listed in Table 1 and plotted in Figure 1.
We also stack the XRT observations into five groups and
list them in Table 1, which are marked as O01 09, O10 18,
O20 31, O01 31, and O32 40. The 0.3-2 and 2-10 keV band
stacking images for each group are presented in Figure 2. We
find that the most of X-ray photons are detected in the soft
band (0.3-2 keV). Interestingly, about two dozen of X-ray
photons are also detected in 2-10 keV band during the obser-
vations before June 4, 2019 (O01 31), while half of the hard
band X-ray photons are detected during the 2019 April ob-
servations (O10 18). We extract the source and background
files from the stacking events files. The stacking count rates
in 0.3-2 keV and 2-10 keV, respectively, are listed in Table 1,
and are plotted in Figure 3 as well.
Interestingly, the soft band X-ray count rate shows a fac-
tor of ∼ 25 increase from O01 31 to O32 40, while the hard
band X-ray count rate dims to be undetectable, as was shown
in Figure 3. We will come back to this strong hardness evo-
lution feature in §4.2.
2.3. Radio
Perez-Torres et al. (2019) reported radio detections of the
source at 90 - 110 days after the ASAS-SN detection, from
which we take the data and plot it in Figure 4. For com-
parison, we also plot the data of another radio bright TDE
ASASSN-14li.
The host galaxy of AT2019azh is a non-active galaxy
based on the lack of related spectroscopic feature
(Brimacombe et al. 2019). Therefore, its radio emission (∼
1037 erg s−1) is unlikely due to AGN activity. It is commonly
believed that radio emission from TDEs are produced from
the interaction of a relativistic jet or non-relativistic outflow
with ambient medium. We discuss this later in §5.
3. TEMPORAL BEHAVIOR
The ASAS-SN and ZTF data make AT2019azh one of the
few TDE candidates with a well-sampled rising light curve.
It rises in the ASAS-SN g, V and ZTF g, r bands to the
peak within 35 days, then decays gradually in all UV / optical
filters. In addition, there is a minor re-brightening in the AS-
ASSN g and V bands at t ≈ 90 d.
Two features of the UV / optical light curves shown in Fig-
ure 1 are notable. First, the data in the several filters indicate
very little color evolution in a time span of ∼ 100 days, ex-
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Figure 4. Radio light curve of AT2019azh. Data is from
Perez-Torres et al. (2019). Its optical discovery date is set
to be MJD58536. Another TDE ASASSN-14li (data from
Alexander et al. 2016, discovery date MJD56983) is plotted for
comparison.
cept for the earliest 10 days of the rising. This is supported by
the inferred photospheric temperature evolution to be shown
later in Figure 6. It is also in line with earlier discovery report
by Van Velzen et al. (2019) and is a characteristic of most
previously found TDEs (e.g., Holoien et al. 2019). Second,
the post-peak magnitudes decay linearly with time, which
means the flux decays in an exponential rather than a power
law with time.
The X-ray count rate light curve in Figure 1 shows a very
different behavior. Apparently it has two slow flares during
the optical bright phase, each varying by a factor of∼ 10 with
a duration of ∼ 50 days. Most importantly, the X-ray bright-
ens by a factor of ∼ 30 at around 250 days after discovery.
This late X-ray brightening is unusual for TDEs, and the only
past similar case is ASASSN-15oi (Gezari et al. 2017).
The behaviors in X-rays and in UV/optical are quite dif-
ferent. The early (t < 120 d) X-rays show significant vari-
ations while UV/optical are in smooth rise and fall. Later,
UV/optical decay monotonically for the rest of the time, but
X-rays rise to its peak in about 250 days. These strongly sug-
gest that the two emission components are produced prob-
ably at different locations and by different dissipation pro-
cesses. This is helpful in discerning the most appropriate
physical scenario in §5.
4. SPECTRAL ANALYSIS
4.1. UV / optical
To better quantify the physical parameters of the system,
we modeled the UV and Optical SED of AT2019azh for
epochs, which is shown in Figure 5, the blackbody fits pro-
vide good fits to the data. The resulting temperature evolu-
tion in days from detection is shown in Figure 6. Addition-
ally, the evolution of the effective radius for the UV/optical
and X-ray emission is shown in Figure 7. The bolometric
luminosity is shown in Figure 9.
Figure 5. Blackbody fits to the multi-epoch SEDs composed of UV
and optical photometry data. The numbers mark the time in days
since the optical detection.
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Figure 6. Temperature evolution of AT2019azh from blackbody fits
to the UV/Optical SED.
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Figure 7. Evolution of the photospheric radius derived from the
blackbody SED fits to the UV/Optical.
5The blackbody fits indicate that after a rise between 10 and
15 days after detection, the temperature of AT2019azh holds
relatively constant around T ≃ 26,000 K for about 90 days.
This temperature is similar to those of other TDEs.
4.2. X-rays
For Swift X-ray data, we fit the two stacking spectra which
are grouped in before and after June 4, 2019 (O01 31 and
O32 40). We group the data to have at least 4 counts in each
bin, and adopt mainly the C-statistic for the Swift spectral
fittings which are performed using XSPEC (v.12.9; Arnaud
1996). We try to fit the spectra with five different models,
which are a single power-law, a double power-laws, a sin-
gle blackbody, a double blackbodies, and a single power-
law plus single blackbody, respectively. For Galactic ab-
sorption, we adopt a column density of NH = 4.15 × 10
20
cm−2 (HI4PI Collaboration et al. 2016) in the direction of
AT2019azh.
The fitting results are listed in the Table 2. We find that the
best fit and accepted model for O01 31 is a single power-law,
with photon index Γ = 1.9± 0.6, plus a single blackbody of
temperature kT = 56± 9 eV. The best fit and accepted model
for O32 40 is a double blackbodies, with kT1 = 51 ± 4 eV
and kT2 = 120± 28 eV. They are shown in Figure 8.
Based on the best fit results, we estimate the X-ray fluxes
of the two stacking spectra. The 0.3-2, and 2-10 keV band
unabsorbed fluxes in O01 31 are 2.34−0.37+0.10 × 10
−13 erg
cm−2 s−1, and 2.5−0.8+1.0 × 10
−14 erg cm−2 s−1, respec-
tively. The 0.3-2 keV band unabsorbed flux in O32 40 is
7.10−0.50+0.08 × 10
−12 erg cm−2 s−1, while the 0.3-2 keV band
flux of the second blackbody component is only∼ 7% of the
flux of first one. Using the stacking spectral fitting results,
we convert the count rate of each XRT exposure to the 0.3
- 10 keV flux. Replacing the blackbody component in the
best fit models with a multi-blackbody from accretion disk
model (’diskbb’), we also derive the X-ray blackbody radii,
which are ∼ 7 × 1010, 6 × 1011 and 1 × 1010 cm, respec-
tively, for the blackbody component in O01 31, the first, and
the second one in O32 40. These radii are 0.07-4 times ofRg
(Rg = GM/c
2), if considering an SMBH mass of 106M⊙.
As was shown in Figure 3, the X-ray hardness ratio drops
substantially toward later times and becomes softer when the
source is brighter, which is reminiscent of the state tran-
sitions behavior typically seen in BH X-ray binaries (e.g.,
Remillard & McClintock 2006). Thus, the X-rays here can
be considered as the signature of the BH accretion. There-
fore, the early X-rays probably correspond to a low accretion
state which is harder, whereas the late X-ray brightening at
t =250 d corresponds to a high accretion rate where the hard
photons disappear.
4.3. Comparison between UV/optical and X-rays
Figure 9 shows the UV/optical and X-ray luminosity evo-
lution of AT2019azh. In the figure we also show t−5/3
power-law and e−t/τ exponential fits to the data. However,
it is hard to compare the two fitting methods because of the
large error, although in Figure 1 the exponential fits well to
data.
In addition, we plot the evolution of the X-ray-to-
UV/optical luminosity ratio LX/Lopt in Figure 10. It shows
that AT2019azh and ASASSN-15oi are generally very simi-
lar, in that this ratio rises from 0.001-0.01 during the early op-
tically bright phase to ∼ 1 later. They differ from ASASSN-
14li which shows almost constant LX/Lopt ∼ 1.
5. PHYSICAL INTERPRETATION
In order to compare the evolution of AT2019azh to the
relevant timescales for a TDE, we adopt an radius relation
r∗ ≈ m
0.89
∗ for low-mass main sequence stars (Torres et al.
2010), whereR∗ = r∗×R⊙ andM∗ = m∗×M⊙ is the star’s
radius and mass. The characteristic timescale for a TDE is set
by the orbital period of the most tightly bound debris, known
as the fallback time
tfb = 41M
1/2
6 m
0.34
∗ d (1)
where, M = M6 × 10
6 M⊙ is the mass of the black
hole. The rise time of a TDE light curve could be a
rough estimate of tfb; in the case of AT2019azh, from
Figure 1 we estimate tfb ≈ 30 d. After disruption, the
less bound debris follows the most bound debris in return-
ing, in a rate that drops with time as (Rees 1988; Phinney
1989; Lodato et al. 2009; Ramirez-Ruiz & Rosswog 2009;
Guillochon & Ramirez-Ruiz 2013)
M˙fb ≃ M˙peak
(
t
tfb
)−5/3
. (2)
In the following we discuss three possible scenarios for in-
terpreting the UV/optical and X-ray behavior of AT2019azh.
5.1. Super-Eddington accretion for the UV/optical peak
The optical bright stage could be super-Eddington which
peaks in the UV/optical bands, during which various en-
ergy dissipation processes will produce winds or out-
flows (Strubbe & Quataert 2009; Lodato & Rossi 2011;
Metzger & Stone 2016) which will regulate the luminosity
(Krolik & Piran 2012), and block the X-rays or reprocess
them into UV/opticals (e.g., Dai et al. 2018). After the ac-
cretion rate drops below the Eddington rate, the bolometric
luminosity falls and X-rays from the inner accretion disk start
to be seen (Chen & Shen 2018). This transition time can be
estimated from Eq. (2) as
tEdd ≃ 2.2 η
3/5
0.1 M
2/5
6 r
3/5
∗ m
1/5
∗ yr, (3)
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Figure 8. Stacking Swift XRT spectra and best fit models. The data is marked as black color, the best fit models are marked as blue color, the
blackbody model component is marked as red dot line (the second blackbody in O32 40 is marked as pink dot line) and the power-law model
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Figure 9. UV/optical luminosity evolution of AT2019azh from the
blackbody SED fits (red) and X-ray luminosity evolution from Swift
(black).
where η = 0.1×η0.1 is the efficiency of converting accretion
power to luminosity. AT2019azh is visible in X-rays during
the early, optical bright phase. This suggests that, in Dai et al.
(2018)’s model, the line of sight is somewhat close to the pole
direction.
However, there are two evidences against this early
super-Eddington accretion scenario. First, the X-rays and
UV/optical light curves of AT2019azh behave very differ-
ently during the early time (t < 100 d), as was shown in
Figure 1 and mentioned in §3. They show no sign of tempo-
ral correlation between the two bands that one should expect
to see in this scenario, since there the two bands are produced
by the same accretion process4.
4 We notice that the early UV/optical and X-rays in AT2018fyk do show
a weak temporal correlation (Wevers et al. 2019). Therefore, AT2018fyk
may belong to the early super-Eddington accretion scenario.
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Figure 10. Evolution of the luminosity ratio of X-rays
over UV/optical. The data source for the other three TDEs:
ASASSN-14li and ASASSN-15oi are from Gezari et al. (2017), and
AT2018fyk is from Wevers et al. (2019).
Second, as was shown in Figure 3 and mentioned in §4.2,
hard X-ray photons appeared during early time but disap-
peared later. The resemblance of this particular behavior to
the state transition pattern of BH X-ray binaries suggests that
those X-rays, both the early and the late, are signatures of
accretion. The early X-rays probably correspond to a low ac-
cretion state which is harder, whereas the late X-ray bright-
ening at t ≃ 250 d corresponds to a high accretion rate so the
hard photons disappear. This is in sharp contradiction with
the early UV/optical peak being a super Eddington accretion
phase.
5.2. Stream-stream collision followed by delayed accretion
Next we consider a two-process scenario, in which the
late X-ray brightening comes from the delayed accretion
7through a recently formed accretion disk, and the early
UV/optical emission is from the stream-stream collisions
(e.g., Piran et al. 2015; Jiang et al. 2016) before the major
body of the accretion disk is formed.
Bonnerot et al. (2016) estimated the circularization
timescale, which is driven by relativistic apsidal precession
of the debris streams, to be
tcir = 8.3 tfbM
−5/3
6 β
−3, (4)
where β = RT /RP , RT = R∗(M/M∗)
1/3 (Rees 1988;
Phinney 1989). Once a disk is formed with radius R,
the viscous inflow timescale for a standard α-disk model
(Shakura & Sunyaev 1973) is tvis = [αΩK(R)]
−1(h/r)−2,
where α is the standard viscous parameter,ΩK(R) is the Ke-
plerian angular speed, h/r is the disk’s scale-height to radius
ratio. Since the disk forms at radius of about 2Rp, the ratio
of tvis over tfb is
tvis
tfb
= 0.1β−3/2
(
0.01
α
)(
m∗
M6
)1/2 (
h
r
)−2
. (5)
In the following we attempt to model how the energy re-
lease rate from the stream-stream collisions evolves. During
the fallback process, the orbit of the most bound debris has
a semi-major axis of amb ≃ R
2
T /(2R∗), an orbital period of
tfb and an specific energy of E0 = −GM/2amb, upon its
first pericenter passage. During subsequent passages its orbit
shrinks (circularizes) due to self-crossing and collision, with
its semi-major axis a(t) being ever decreasing. We suppose
the specific energy dissipation rate is
−q˙ =
dE
dt
= δ(a)
E(a)
t(a)
(6)
where the efficiency factor δ ≪ 1 represents the fraction of
orbital energy that is dissipated per orbit, and the orbital pe-
riod t(a) = t0(a/a0)
3/2. We assume δ(a) = δ0(a/a0)
γ ,
where γ > 0, i.e., the dissipation efficiency drops progres-
sively as the stream is being circularized. With algebra, the
equation becomes
d
dt
(
a
a0
) = −
δ0
t0
(
a
a0
)γ−1/2 (7)
The solution is
a(t) = a0[1 + (γ −
3
2
)
δ0
t0
(t− t0)]
−
1
γ−3/2 (8)
Therefore, we get the specific energy E(t) = −GM
2a , and the
dissipation rate
q˙(t) =
GM
2a0
δ0
t0
[1 + (γ −
3
2
)δ0(
t− t0
t
)]
1
γ−3/2
−1. (9)
If γ > 5/2, then ˙q(t) decreases with time as t−α, with
α = (γ − 5/2)/(γ − 3/2). We assume the relationship
between release energy and luminosity is L(t) = λq˙(t)c2,
where λ is the energy conversion efficiency c is light speed.
We take γ = 10 and plot L(t) in Figure 9, which roughly
shows the feasibility of matching the radiation from stream-
stream collisions to the UV/optical data.
What produced the early (t < 100 d) low-level X-ray activ-
ity? During the stream-stream collisions, the hydrodynamic
numerical simulation by Shiokawa et al. (2015) shows that
some minor amount of debris lost a significant fraction of
their angular momentum, such that their pericenter radius
could shrink significantly and they could form an early, low
mass accretion disk. If this is possible, then one naturally ex-
pects that the early accretion rate is low (i.e., sub-Eddington).
The hard X-ray photons appearing during this phase might
suggest a hot corona is formed during this ‘low hard’ state,
similar to what happens in BH X-ray binaries.
The above scenario is naturally consistent with the ab-
sence of temporal correlation between early X-rays and
UV/opticals, since they are produced by different dissipation
processes and at very different locations.
Once the stream-stream collision process was over, the ma-
jor body of the disk should have formed disk formed around
t ∼ 250 d. The accretion rate has risen to the peak, so
does the soft X-ray flux, while hard X-ray photons disappear,
probably with the hot corona.
5.3. CIO’s reprocessing of X-rays
Lu & Bonnerot (2019) argue that during the stream-stream
collisions, a considerable number of the shocked gas will be-
come unbound and ejected as the so-called collision-induced
outflow (CIO), which could reprocess early X-rays (presum-
ably coming from an inner disk which is formed in the same
way as was described in §5.2) into optical bands.
This scenario is disfavored for the UV/optical peak in
AT2019azh due to the following reasons. If the content of
CIO is large and massive so that the CIO could cover the
whole sphere around the source, then the early X-rays should
not be visible, which is clearly not the case. If the CIO cover-
age is partial and it does not fully block the line of sight, then
one should expect: 1) the observed X-ray flux shall exceed
or at least be comparable to the UV/optical flux, not the op-
posite, because only a portion of LX gets reprocessed and
becomes Lopt; 2) the UV/optical should show a temporal
correlation with the early X-rays, which is in contradiction
with what the early light curves show in Figures 1 and 9.
Note that AT2019azh is detected in radio at t ∼ 100 d (see
§2.3 and Figure 4). This suggests that CIO may actually ex-
ist and its interaction with ambient medium produced the ra-
dio emission (Lu & Bonnerot 2019). However, the CIO’s re-
processing of X-rays can not be the origin of the UV/optical
peak.
6. SUMMARY AND CONCLUSION
8We present and analyze a large data set by ASAS-SN,
ZTF, Swift and Gaia of the light curves of TDE candidate
AT2019azh in optical/UV and X-ray bands. We highlight
a rare case in which the late X-rays brightened by a fac-
tor of ∼ 30-100 around 250 days after discovery, while the
UV/opticals continuously decayed. The early X-rays show
two flaring episodes of variation, temporally uncorrelated
with the early UV/opticals. In addition, we present the evo-
lution of temperature and photospheric radius from the fit-
ting of SED. We found a clear sign of evolution of the X-ray
hardness ratio which drops substantially toward later times
and becomes softer when the source is brighter.
The drastically different temporal behaviors in X-rays and
UV/opticals suggest that the two bands are physically dis-
tinct emission components, and probably arise from different
locations. The hard X-ray (2 -10 keV) photons found during
t < 100 d suggest that the early X-rays must be of accretion
origin as well.
Putting all pieces together, we conclude that the full data
are best explained by a two-process scenario, in which the
UV/Optical peak is produced by the stream-stream collisions
during the circularization phase; the same process causes
some low angular momentum, shocked gas to form an early,
low-mass accretion disk which emits the early X-rays. The
major body of the disk is formed after the circularization fin-
ishes, at t ∼ 250 d. Its enhanced rate of accretion toward the
black hole produces the late X-ray brightening.
AT2019azh is the second case, after ASASSN-15oi
(Gezari et al. 2017), of TDEs that shows a clear sign of de-
layed accretion. However, the early detection and full multi-
waveband coverage make AT2019azh the first strong case
that the emission signature of stream-stream collision is iden-
tified and early steps of disk formation can be inferred. At the
time of the paper is written, AT2019azh is still detectable in
X-rays, so deeper and broader understanding of this event is
reachable.
REFERENCES
Arcavi, I., et al. 2014, ApJ , 793, 38
Alexander, K., D., Berger, E., Guillochon, J., et al. 2016, ApJ, 819,
25
Barbarino, C.; Carracedo, A. S.; Tartaglia, L., et al., 2019, ATel
#12530
Blagorodnova, N., Gezari, S., Hung, T., et al. 2017, ApJ, 844, 46
Bloom J. S. et al., 2011, Science, 333, 203
Bonnerot, C., Rossi, E. M., Lodato, G., & Price, D. J. 2016,
MNRAS, 455, 2253
Bonnerot, C., Rossi, E. M., & Lodato, G. 2017, MNRAS, 464,
2816
Brimacombe, J.; Kendurkar, M.R.; Masi, G., et al., 2019, ATel
#12526
Brown, G. C.; Levan, A. J.; Stanway, E. R., et al., 2015, MNRAS
452, 4297
Brown, J. S., Kochanek, C. S., Holoien, T. W. S., et al. 2018,
MNRAS, 473, 1130
Burrows D. N., et al., 2011, Nature, 476, 421
Cenko, S. B.; Krimm, H. A.; Horesh, A., et al., 2012, ApJ, 753, 77
Chen, J.-H.,& Shen, R.-F., 2018, APJ, 867,20
Chornock, R., et al. 2014, ApJ , 780, 44
Dai, L.-X.; McKinney, J., C.; Roth, N., 2018, ApJ, 859L, 20
Gezari, S., Basa, S., Martin, D. C., et al. 2008, ApJ, 676, 944
Gezari, S., Heckman, T., Cenko, S. B., et al. 2009, ApJ, 698, 1367
Gezari, S., Chornock, R., Rest, A., et al., 2012, Nature, 485, 217
Gezari, S.; Cenko, S. B.; Arcavi, I., 2017, ApJL, 851, L47
Giannios, D., & Metzger, B. D. 2011, MNRAS, 416, 2102
Guillochon, J., Manukian, H., & Ramirez-Ruiz, E. 2014, ApJ, 783,
23
Guillochon, J., & Ramirez-Ruiz, E. 2013, ApJ, 767, 25
Holoien, T. W.-S., Prieto, J. L., Bersier, D., et al., 2014, MNRAS,
445, 3263
Holoien, T. W.-S., Kochanek, C. S., Prieto, J. L., et al. 2016a,
MNRAS, 463, 3813
Holoien, T. W.-S., Kochanek, C. S., Prieto, J. L., et al. 2016b,
MNRAS, 455, 2918
Holoien, T. W.-S., Vallely, P. J.; Auchettl, K., et al., 2019, ApJ,
883, 111
HI4PI Collaboration, N. Ben Bekhti, L. Floer, et al., 2016, A&A,
594, A116
Hung, T., Gezari, S., Blagorodnova, N., et al., 2017, ApJ, 842, 29
Heikkila, T.; Reynolds, T.; Kankare, E., et al., 2019, ATel #1252
Jiang, Y.-F., Guillochon, J., & Loeb, A., 2016, ApJ, 830, 125
Krolik, J. H., & Piran, T., 2011, ApJ, 743, 134
Krolik, J., Piran, T., Svirski, G., & Cheng, R. M., 2016, ApJ, 827,
127
Lodato, G., King, A. R., & Pringle, J. E., 2009, MNRAS, 392, 332
Lodato, G., & Rossi, E. M., 2011, MNRAS, 410, 359
Lodato, G., 2012, EPJWC, 39, 01001
Loeb, A., & Ulmer, A., 1997, ApJ, 489, 573
Lacy, J. H., Townes, C. H., & Hollenbach, D. J. 1982, ApJ, 262,
120
Levan A. J., et al., 2011, Science, 333, 199
Li, L., Narayan, R., & Menou, K., 2002, ApJ, 576, 753
Lu, W., & Bonnerot, C., 2019, arXiv:1904.12018
Miller, J. M., Kaastra, J. S., Miller, M. C., et al. 2015, Natur, 526,
542
Metzger, B. D., & Stone, N. C., 2016, MNRAS, 461, 948
Piran, T., Svirski, G., Krolik, J., 2015, ApJ, 806, 164
Perez-Torres, M., Moldon, J., Mattila, S., et al., 2019, ATel #12870
9Phinney, E. S., 1989, IAUS, 136, 543
Ramirez-Ruiz, E., & Rosswog, S., 2009, ApJL, 697, L77
Rees, M. J., 1988, Nature, 333, 523
Remillard, R. A., & McClintock, J. E., 2006, ARA&A, 44, 49
Roth, N., Kasen, D., Guillochon, J., & Ramirez-Ruiz, E. 2016,
ApJ, 827, 3
Strubbe, L., E., Quataert, E., 2009, MNRAS, 400, 2070
Strubbe, L. E., & Murray, N., 2015, MNRAS, 454, 2321
Shiokawa, H., Krolik, J. H., Cheng, R. M., Piran, T., & Noble, S.
C., 2015, ApJ, 804, 85
Shakura, N. I., & Sunyaev, R. A. 1973, A&A, 24, 337
Torres, G., Andersen, J. & Gimenez, A., 2010, A&ARv, 18, 67
Ulmer, A., Paczyn`ski, B., Goodman, J., 1997, A&A, 333, 379
van Velzen, S., Farrar, G., Gezari, S., et al., 2011, ApJ, 741, 73
van Velzen, S., & Farrar, G. R., 2014, ArXiv e-prints
van Velzen, S., Gezari, S., Hung, T., Gatkine, T., Cenko, S. B., Ho,
A., Kulkarni,S. R., Mahabal A., 2019, ATel #12568
Wevers, T., van Velzen, S., Jonker, P. G., et al., 2017, MNRAS,
471, 1694
Wevers, T., Pasham, D., R., van Velzen, S., et al., 2019, MNRAS,
488, 4816
Zauderer B. A., et al., 2011, Nature, 476, 425
10
Table 1. The log of Swift-XRT observation.
ObsID ObsDate Exposure Count rate Flux
(11186-) 0.3-2 keV 0.3-2 keV
(ks) (10−3 cts/s) (10−13erg/s/cm2)
001 2019-03-02T18:00:36 2.198 <0.45 <0.4
003 2019-03-11T10:42:36 0.529 7.55±3.78 6.2±3.16
004 2019-03-14T02:26:34 0.484 6.19±3.57 5.1±2.97
005 2019-03-20T22:38:35 1.066 5.43±2.30 4.4±1.94
006 2019-03-23T22:17:34 0.996 6.02±2.46 4.9±2.07
007 2019-03-26T06:32:34 1.166 5.14±2.10 4.2±1.77
008 2019-03-26T01:17:35 0.302 6.62±4.7 5.4±3.87
009 2019-03-26T01:22:35 2.040 3.92±1.38 3.2±1.18
010 2019-04-01T18:40:36 1.366 2.04±1.28 1.7±1.06
011 2019-04-04T02:13:36 3.264 2.15±0.81 1.8±0.69
012 2019-04-07T14:39:34 2.879 1.79±0.86 1.5±0.72
013 2019-04-10T06:20:35 2.977 1.68±7.51 1.4±0.63
014 2019-04-16T12:23:04 2.814 1.20±0.72 1.0±0.60
015 2019-04-19T00:53:36 2.974 2.02±0.82 1.7±0.69
016 2019-04-22T08:25:34 3.179 3.08±1.00 2.5±0.85
017 2019-04-25T06:38:34 2.972 4.38±1.21 3.6±1.06
018 2019-04-27T07:56:35 0.092 ≤10.82 ≤8.9
020 2019-05-03T02:39:35 3.014 6.16±1.45 5.1±1.29
021 2019-05-06T03:58:34 2.829 3.89±1.17 3.2±1.01
022 2019-05-08T10:00:35 2.707 7.31±1.65 6.0±1.48
024 2019-05-15T07:44:34 2.505 5.02±1.44 4.1±1.25
025 2019-05-18T07:27:36 2.807 2.42±0.94 2.0±0.8
026 2019-05-21T10:21:36 2.667 2.98±1.06 2.4±0.9
027 2019-05-24T00:32:36 2.829 4.17±1.23 3.4±1.06
029 2019-05-27T08:14:36 1.493 2.01±1.16 1.6±0.96
030 2019-05-31T04:42:36 1.536 2.60±1.30 2.1±1.09
031 2019-06-04T06:21:36 2.322 2.09±0.96 1.7±0.81
032 2019-10-11T22:12:36 1.618 74.74±0.68 61.2±8.27
033 2019-10-17T20:27:35 1.094 96.33±0.94 78.9±11.01
034 2019-10-23T21:11:35 1.656 95.87±0.76 78.6±10.02
035 2019-10-26T16:02:34 2.008 163.8±0.9 134.2±15.29
036 2019-10-31T04:45:36 1.930 66.36±0.59 54.4±7.26
037 2019-11-03T14:01:14 0.499 130.9±0.2. 107.3±17.08
038 2019-11-07T15:08:35 1.878 32.03±0.42 26.2±4.30
039 2019-11-09T14:42:36 2.030 48.43±0.49 39.7±5.65
040 2019-11-12T16:25:36 1.905 95.07±0.71 77.9±9.68
ObsID ObsDate Exposure Count rate Count rate Flux Flux
11186- total 0.3-2 keV 2-10 keV 0.3-2 keV 2-10 keV
stacking (ks) (10−3 cts/s) (10−3 cts/s) (10−13erg/s/ cm2) (10−13erg/s/cm2)
001-009 March 8.783 3.94±0.67 0.24±0.20 2.71−0.66+0.52 0.19
−0.18
+0.19
010-018 April 22.52 2.41±0.34 0.39±0.15 1.66−0.37+0.27 0.32
−0.18
+0.20
020-031 May-Jun 24.71 4.13±0.42 0.19±0.11 2.84−0.57+0.38 0.15
−0.11
+0.12
001-031 Mar-Jun 56.01 3.40±0.25 0.309±0.09 2.34−0.37+0.10 0.25
−0.08
+0.10
032-040 Oct-Nov 14.62 85.29±0.24 <0.1041 58.70−10.24+4.99 <0.084
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Table 2. Stacking X-ray spectral fitting results. The uncertainties are given at 90% confidence level.
NOTE: The Galactic absorbed models ”phabs * (1. or 2. or 3. or 4. or 5. ) ” are used for fitting (1. powerlaw, 2. powerlaw + powerlaw, 3.
zbbody, 4. zbbody+powerlaw, 5. zbbody+zbbody).
The best-fit model is 4 for the stacking O01 31, and 5 for the stacking O32 40.
Stacking O01 31
Model Parameter Value C-Statistic/d.o.f
1 powerlaw Γ 4.95+0.44
−0.40 64.4/36
2 powerlaw1 Γ1 6.10
+0.90
−0.73
powerlaw2 Γ2 1.34
+0.77
−0.89 33.4/34
3 zbbody kT (keV) 0.077+0.008
−0.008 104.72/36
4 zbbody kT (keV) 0.056+0.009
−0.009
powerlaw PhoIndex 1.95+0.64
−0.59 33.6/34
Stacking O32 40
Model Parameter Value C-Statistic/d.o.f
1 powerlaw Γ 6.75+0.20
−0.19 63.6/46
3 zbbody kT (keV) 0.060+0.002
−0.002 98.2/46
4 zbbody kT (keV) 0.053+0.006
−0.004
powerlaw PhoIndex 6.00+0.70
−0.96 46.4/44
5 zbbody1 kT1 (keV) 0.051
+0.003
−0.004
zbbody2 kT2 (keV) 0.120
+0.028
−0.020 43.9/44
